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METHOD AND REACTOR FOR THE NON-THERMAL DECOMPOSITION AND 
PASTEURIZATION OF ORGANIC PROCESS MATERIALS BY ELECTROPORATION 



This is a Continuation-in-Part Application of international application 
PCT/EP02/09328 filed 08/21/02 and claiming the priority of German applica- 
tion 101 44 486.9 filed 09/10/01. 

BACKGROUND OF THE INVENTION 
The invention relates to a method for the decomposition of 
biological cells in an industrial process with pulsed electri- 
cal fields and a reactor in a processing line for performing 
the method. 

5 Pulsed electrical fields with field strengths in the range 

of 1 - 100 kV/cm generate irreversible pore openings in the 
membrane of biological cells. This effect, which is called 
electroporation, is used for efficiently providing access to 
the content of plant cells and for killing microorganisms and 

10 for pasteurizing. 

Other methods for the release of cytoplasm are the thermal 
treatment or pressing. At about 72°C, the cells membranes of 
plant cells denature such that the cell content is released. 
By compression, the outer pressure results in the rupture of 

15 the cells walls and the release of the cell content. Both 
classical processes have grave disadvantages: The thermal 
treatment consumes a relatively large amount of energy and dam- 
ages the cell content. The mechanical compressing requires 
relatively expensive apparatus and the degree of the decomposi- 

20 tion is generally lower than with thermal decomposition. A 
combination of two processes resides in cold-pressing and a 
subsequent dissolution of the cell content by solvents. 

The electroporation process has been known since the six- 
ties of the last century and since then the phenomenon of per- 

25 meabilization or, respectively, poration of cell membranes is 
being scientifically examined. DB 12 37 541 describes the 
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electroporation for common agricultural products such as the 
decomposition of starch in potatoes. 

W099/6463 discloses another electroporation method. The 
advantages of this method in the processing of sugar beets be- 
5 fore the beets are thermally or mechanically further processed 
are shown. In this case, the thermal treatment reflects the 
state-of-the-art. The mechanical process is also described in 
DE 197 36 000 Al . 

In the field of electroporation, no method and no appara- 
10 tus or respectively reactor is known which permits processing 
on an industrial scale. 

It is, therefore, the object of the present invention to 
provide a method for the electroporation of cellular biological 
materials and also a reactor in a process line for performing 
15 the method. 

SUMMARY OF THE INVENTION 
Instead of turning the fruits or products by a turbulent 
medium flow or turbulence induced in the process material 
stream, electric fields are provided in the reactor, which are 
oriented differently over the length of the reactor. In the 
state of the art, for example, the fruits are transported in a 
dielectric tube, which is provided with angularly displaced 
pairs of electrodes which are disposed on top of each other in 
adjacent cross-sectional planes. With respect to the beets. 
passing by, the angles are varied in a particular plane and the 
cells oriented in this particular plane are electroporated. 
However, the cells oriented with their long axis, that is, z- 
axis, normal to this plane are not destroyed. 

The invention solves the object to modify biological cells 
by means of pulsed electroporation in such a way that process- 
ing can take place on an industrial scale. That is, large vol- 
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umes are processed in a reactor designed for that purpose and 
operated by the method with minimal energy consumption. 

With the method for the continuous decomposition and pas- 
teurization of such large amounts of biological cells in 
5 plants, roots, knots, fruits and animal cells, that is, the or- 
ganic process material, the material is moved in a flow medium 
through the reactor and, for electroporation, is subjected in 
the reactor, to pulsed electric fields. 
The individual steps are: 

10 Between grounded electrode groups which comprise each at 

least one electrode which is installed in the dielectric reac- 
tor wall and which can be energized by a high voltage in a pas- 
sage area of the reactor, pulsed electrical fields E of multi- 
ple directions and of a strength are generated such that each 

15 ceil passing the reactor is subjected with high probability at 
least once to an electric field strength E such that also along 
the long axis thereof at least once the threshold potential 
difference 

zE = 10 V 

20 for the electroporation is achieved. As a result, the biologi- 
cal cells of process material which have an elongated, for ex- 
ample oval shape, of a size of typically 10 - 100 jam, are sub- 
jected repeatedly to a potential difference of at least 10 V. 
The electrodes which can be energized by a high voltage 

25 are combined in groups of at least one electrode and the elec- 
trodes of each group are concurrently energized by a high volt- 
age or, respectively, a high voltage pulse, but only one group 
is energized by a high voltage at a time. 

The electrode groups are energized by a high voltage sub- 

30 sequently, like in a running fire, with a time-dispersion cor- 
responding up to a multiple pulse length such that the field is 
always generated by a single electrode group. The travel di- 
rection of the high voltage exposure area can be in the flow 
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direction of the processed material or in the opposite direc- 
tion but the electrode groups are statistically energized so 
that, based on the electrode arrangement, in the reactor from 
the entrance to the exit, the direction of the electric field 
5 strength E is constantly changed in the rhythm of the high 
voltage energization of the groups. It is essential that al- 
ways only one electrode group is energized by high voltage. In 
this way, mutual field displacements, and, consequently, areas 
with field lines extending normal to the flow axis, as they 

10 would occur with a concurrent energization of two or several 
electrode groups are avoided. Based on the length of the elec- 
trical action, the running fire direction is preferably in the 
flow direction of the process material since, then, the process 
material is exposed to the electrical action for a longer pe- 

15 riod as it moves in the same direction. 

Experimental parameter examinations as well as American 
literature sources (K. H. Schoenbach et al.), "Bacterial Decon- 
tamination of Liquids with Pulsed Electric Fields 7 ', IEEE Trans- 
actions on Dielectrics, Vol. 7, No. 6, p. 637 - 645, Oct. 2000) 

20 suggest to provide a duration of each high voltage pulse in the 
range of 1 to 3 fisec at a threshold potential difference of 
10V. This appears to be energetically advantageous for the de- 
composition of the process material. It is advantageous in this 
connection if the voltage increase is as steep ais possible but 

25 does not take longer than 100 (isec. 

The grounded electrodes are not correlated with one par- 
ticular high voltage electrode or group of electrodes. Rather 
a high voltage electrode or group of high voltage electrodes 
co-operates with the spatially closest grounded electrodes by 

30 forming, when energized by a high voltage, a strong field with 
the' closest grounded electrode or group of electrodes and a 
correspondingly weaker field with the more distant . grounded 
electrodes. This results in the reversal effect or, respec- 
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tively, a spatial fluctuation of the electric fields. The 
field strength increase generally occurring at the grounded 
electrodes and the electrode group being momentarily at a high 
voltage potential in comparison with the field strength in the 
5 intermediate area provides for electroporation also in the area 
of the more remote grounded electrodes (see in this connection 
also the description concerning Fig. 5, Field Strength Distri- 
bution) . 

In addition to the effect of the field strength increase 
10 at the more distant grounded electrodes, the electric field 
strength is also increased in the nearby area by a factor 10. 
In this way, it is ensured that in the area of the more distant 
grounded electrodes, the cells material is reliably electropo- 
rated. 

15 In the area of the adjacent electrodes threshold potential 

differences of 100 V and more are generated. It has been found 
that, with such "over potentials'', the pulse time must be less 
than 1 |^sec. A comparison between the decomposition quality at 
a shell potential difference of 10 V and 100 V shows, with the 

20 same specific energy consumption, an advantage in favor of the 
latter. The electric energy storage of the respective electrode 
group should be discharged rapidly by way of the respective 
switch. The respective discharge circuit is therefore so di- 
mensioned that the voltage increase to the maximum of at most 1 

25 MV occurs in not more than 100 (isec. 

The reactor for decomposing and pasteurizing, that is, for 
an optimal performance of the method of electroporation is con- 
structed as follows: 

The reactor is tunnel-shaped and has a polygonal, but at 

30 least square, cross-section or a round cross-section. The wall 
material is dielectric and chemically inert with respect to the 
process liquid and the process material carried along thereby. 
In a first longitudinal area of the reactor wall grounded elec- 
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trode are installed over the length of the reactor, which, with 
their front/head are exposed to the reactor chamber. 

In a second longitudinal area of the reactor wall, elec- 
trodes which can be energized by a high voltage are installed 
5 which are also exposed with their front/head to reactor the in- 
terior of the reactor chamber. They are divided generally into 
groups of at least one such high voltage electrode. The elec- 
trodes of one group are connected to the same high voltage 
source. Each group of high voltage electrodes has its own 

10 voltage source. 

All the groups of high voltage electrodes are so arranged 
that the distance between adjacent groups corresponds about to 
the inside width d of the reactor. 

The longitudinal area of the high voltage electrode group 

15 is separated from the longitudinal area of grounded electrodes 
at both sides by an area without any electrodes. This area has 
over the length of the reactor such a width that, during proc- 
essing, between the grounded electrode and the momentarily en- 
ergized electrode group, a field strength of 10 kV/cm is estab- 

20 lished that is no electric breakdown occurs. 

The longitudinal area including grounded electrodes is po- 
sitioned relative to the longitudinal area including the high- 
voltage electrode groups such that each straight line connec- 
tion between a grounded electrode and a high voltage electrode 

25 of any group extends in the open area of the reactor. In the 
reactor design, a ratio of the open width to the reactor depth 
d is maintained such that the distance between the higher loca- 
tion electrodes of a group and the. next grounded electrode is 
such that no stray fields with <10 kV occur in the process ma- 

30 terial. 

For a large reactor, it is advantageous for a certain 
limitation of the field strength, instead of energizing a sin- 
gle electrode energized with high voltage, to energize groups 
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of electrodes with high voltage at the same time. The high 
voltage electrodes may be divided into groups of at least four 
electrodes and each group is connected by way of a high voltage 
cable and a switch or spark gap with its own high voltage 

5 source or Marx generator. 

The electrodes which, with their front surface are dis- 
posed in the interior wall and are in direct contact with the 
transport or processing liquid have, for generating a field in 
the reactor interior, the following area sectioning: 

10 The sum of the surface areas of the high voltage elec- 

trodes exposed in the reactor is about the same as the sum of 
the surfaces of the adjacent grounded electrodes and is not 
substantially less if the next following grounded electrode is 
also taken into account. Herein, the electrode area is to be so 

15 dimensioned that the aspect ratio of the electrode surface area 
to the distance d between the respective high voltage electrode 
and the corresponding grounded electrodes do not exceed the 
value: 

F : d = H cm 

20 The electrolytic current density should be about equal. An 
even greater aspect ratio results in even more homogeneous 
field strength distributions but increases the electrolytic 
losses to a larger degree. 

The electrodes are distributed over the respective longi- 

25 tudinal area of the reactor in such a way that there is no 
electrode pair of a grounded and a high voltage whose straight 
connecting line extends normal to the flow direction of the 
process material or, respectively, normal to the transport axis 
in the reactor, claims 3 and 9. Consequently, none of the 

30 electrode groups, when projected normal to the flow direction 
of the process material or respectively, normal to the trans- 
port axis overlaps a grounded electrode. In this projection, 
the grounded electrodes are disposed always around an electrode 
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group, but in such a way that there is always access between 
the nearby electrodes to the more distant electrodes for the 
formation of an electric field. 

Concerning the treatment time, it has been found that, if 
5 the electrodes are so distributed over the respective longitu- 
dinal area that, in the projection of the longitudinal area 
with the high-voltage electrodes normal to the flow direction 
onto the longitudinal area of the grounded electrodes, the high 
voltage electrodes are disposed on a closed, simply curved line 
10 or a line section thereof about a grounded electrode (or also 
with a reversed projection), the treatment time can be substan- 
tially reduced. 

In contrast to the thermal and mechanical methods men- 
tioned earlier, pulsed electrical fields with field strengths 

15 in the area of 1 - 100 kV/cm destroy cell membranes irreversi- 
bly. The electroporation is suitable for a more effective har- 
vesting of the content of the cytoplasm of biological cells and 
for the destruction of microorganisms. In this process, pores 
are formed in the cell membrane; they grow and are again closed 

20 under the influence of thermal fluctuations and local electric 
fields. For a model, it is assumed that hydrophilic water- 
non-permeable cell membranes with pores suitable for material 
exchange are formed in a two-stage process. The pores appear 
first as water non-permeable hydrophobic pores whose rate of 

25 formation depends on the temperature and the membrane poten- 
tial. When their radius reaches a critical value, they become 
hydrophilic pores. These can grow under the influence of an 
electric field. When their radius exceeds during the pulses a 
second critical value the opening becomes irreversible. The 

30 time scale within which the pores are opened is in the area of 
a microsecond. The outer electric field needs to be applied 
only over this period. If excessively high fie.ld strengths are 
applied, starting at 10 kV/cm, this period may be reduced. 



Each increase of the pulse duration beyond the point in 
time where the cell membrane is destroyed increases only the 
unavoidable electrolytic losses in the suspension. As a result 
for achieving very high field strengths over large distances 
5 for only microseconds, voltage pulses of many 100 kV amplitude 
are required and, for achieving a high treatment rate, a high 
repetition frequency of the pulses is necessary. 

For such an apparatus, the service life of the impulse 
generators must comply with industrial standards. The proper- 

10 ties are obtainable with Marx generators. Pulse transformers 
for such short time processes cannot be built at reasonable 
cost and are therefore uneconomical. 

In the Marx generator, first, high voltage condensers are 
charged in parallel to a charge voltage of for example 50 kV 

15 and are then switched in series in order to sum up the individ- 
ual voltages. With, for examples, ten condensers an amplitude 
of 500 kV is obtained upon switching of the discharge. The 
further parameters are determined with the aid of the time con- 
stant x of the switched electric current with 

20 T = RC < 1 |is. 

R is essentially the resistance of the suspension of water and 
the biological cells and C represents the capacities of the se- 
rially switched condensers of a Marx generator. Inductive R-L 
members are in this arrangement comparatively small and are 

25 therefore negligible. 

For a usable industrial operation of the reactor, Marx 
generators must be used as the voltage source for the electro- 
poration. Sugar beets for example are effectively electropo- 
rated with an external field strength of 10 kV/cm if the seri- 

30 ally switched Marx generator generates pulses of 500 kV and the 
reactor has an open width of 50 cm. Although the field 
strength of 10 kV/cm is very high, generally only a part of the 
beet cells are decomposed. For the others, the externally ap- 
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plied field strength is not sufficiently high. The reason is 
that biological cells are in most cases elongated. For a model 
definition, a long z-axis and a short r-axis based on the cell 
shape are used. If the cell is arranged with its longitudinal 
5 z axis for example parallel to the local field direction a po- 
tential difference is established along the z-axis which is U = 
z E, which provides for electroporation. The situation is dif- 
ferent along the short axis of cells where a smaller potential 
U=2rE is effective assuming that r is about the radius of the 

10 elongated cell. An oval cell with for example the dimensions z 
= 100 jim and 2r = 10 |Ltm is to be electroporated. With a field 
strength of 1 kV/cm and a pulse duration of microseconds, the 
electroporation threshold which in this case is cell substance 
specifically 10 V is not reached because 

15 2rE = 10 Jim x 1 kV/cm = IV. 

A cell oriented such that its short axis extends parallel to 
the field lines will therefore survive. If the field and long 
axis of the cell would have been oriented in the same direc- 
tion, the irreversible opening of the membrane would have been 

20 achieved. 

For pulses in the microsecond range, the threshold for ir- 
reversible electroporation is at a potential difference of 
about 10 V. This threshold, but also shielding effects by ani- 
sotropic current flow result in the fact, that, to ensure elec- 

25 troporation the field strengths applied are excessive, that is, 
threshold potential differences in the area of 100 V are used 
and, additionally, the fruit must be rotated into different po- 
sitions, in order to increase the probability of achieving 
electroporation of the cells. 

30 Below the invention will be described in greater detail on 

the basis of the accompanying drawings which in Figs. 1 - 5 
schematically show a sample reactor with rectangular cross- 
section. 
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BRIEF DESCRIPTION OF THE DRAWINGS 
Fig. 1 is a top view of the according to the invention, 
Fig. 2 is a side view of the reactor, 
Fig. 3 is a front end view of the reactor, 
5 Fig. 4 shows schematically the reactor arrangement, 

Fig. 5 shows a qualitative field strength distribution. 

DESCRIPTION OF A PREFERRED EMBODIMENT 
Measurements with beets, oriented on the electric field 

10 generated in the reactor have shown that the specific energy, 
based on a beet, of 8 kJ can be reduced to about 2 kj/kg if all 
the cells are involved in the electroporation . In addition to 
the incomplete electroporation in a tube arrangement, also the 
transport of whole fruits in the tube was found to be disadvan- 

15 tageous, since canting and wedging of the process material may 
occur which results in blockages that must be manually elimi- 
nated. Therefore the present invention prefers a material 
transport wherein a continuous transport force is applied to 
the fruits as this occurs for example in connection with a 

20 chain conveyor . 

The through-put of a chain conveyor is determined by the 
conveyor speed, the width, the height and the degree of fill- 
ing. Depending on the biological cell material, the height of 
the conveyor is about 50 cm; the transport speed is so adjusted 

25 that the specific energy supplied by the high voltage pulses 
reaches the desired threshold value during the residence period 
of the goods in the reactor. The width of the reactor is not 
subject to limitations. 

In the present case, the reactor has a rectangular cross- 

30 section and consists of a dielectric material of sufficient 
strength as far as any requirements are concerned. The movable 
parts such as the conveyor belt with transverse ribs etc. also 
consist of a dielectric material. The height of the reactor is 



here about 50 cm, the length L is for example 200 cm and the 
width is 100 cm. The grounded electrodes are installed in the 
lower side, the upper side includes the high-voltage electrodes 
wherein each group of electrodes, which can be energized by a 
5 high voltage from a respective Marx generator, is shown here 
only as a single electrode. The distance between two grounded 
electrodes is 50 cm, which is also the distance between the 
high voltage electrodes. 

In Fig. 1, the electrode arrangement is shown in connec- 

10 tion with a reactor. All dots represent the grounded elec- 
trodes. The high voltage electrodes are represented by crosses. 
They are displaced with respect to the grounded electrodes and 
rotated in such a way that they are arranged centered in the 
top view shown. At least the center row of grounded electrodes 

15 is covered by the dielectric belt of the chain conveyor which 
is not shown in the drawing. The conveyor belt is therefore 
foraminate in that area so that a field can be established 
through the openings between the two types of electrodes (the 
grounded and the high voltage electrodes) which is not dis- 

20 turbed by the relative dielectric constants of the chain con- 
veyor material. 

In this case, for example, eight Marx generators are pro- 
vided that is the high voltage electrode groups, each consist 
of one electrode. The arrows shown in Figs. 1-3 between the 

25 two electrode types indicate the direction of the locally ef- 
fective electric field. From top view (as shown in Fig. 1) the 
side view (Fig. 2) and the front view (Fig. 3), it is apparent 
that the largest part of the open space in the reactor is 
crossed by the connecting lines extending in highly divergent 

30 directions. In this way, it is ensured that the process mate- 
rial passing through the reactor, that is, the beets and the 
transport liguid which, in this case, is water, are subjected 
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at any location in the reactor to electric field lines extend- 
ing in different directions. 

For the dimensioning of the electrode surface area, it has 
to be considered that the electrolyte resistance caused by the 
5 current flow through the water bath and the fruit mass is not 
below the total resistance in accordance with the relationship 

t = RC < 1 jis, 

since otherwise the pulse length becomes smaller than 1 jlls and 
is not sufficiently long for electroporation as explained ear- 
10 lier. 

For example, with an electrolytic resistance of about 1.5 
mQ/cm and an electrode distance of about 20 cm the disc-like 
electrodes should not exceed a diameter of about 30 mm; this 
results in an aspect ratio of electrode surface area to dis- 

15 tance of about H cm. With greater aspect ratios, the homogene- 
ity of the field strength is improved but the electrolytic 
losses increase at an even higher rate. 

Care has to be taken that the electrode surface area is 
not too small. In such a case, the area of high field strength 

20 is displaced from the space between the electrodes to the di- 
rect surrounding of the electrodes which must be avoided (see 
Fig. 5) . Upon dimensioning the electrode surfaces for a reac- 
tor as it is shown in Figs. 1 and 2, it has to be considered 
that the high voltage electrodes have several grounded elec- 

25 trodes in their immediate vicinity. Therefore the closest ad- 
jacent grounded electrodes together should have the same sur- 
face area as the high voltage electrode. 

Fig. 5 shows on one hand, the electric field strength dis- 
tribution between a just energized high voltage electrode and 

30 any of the grounded electrodes: There is an excessive field 
strength near the electrodes and a reduced field strength in 
the space therebetween. The field strength distortion is a 
function of the electrode surface areas. For very small elec- 



trode surface areas, the field strength in the intermediate 
space drops almost to zero. The same occurs if a small elec- 
trode is disposed opposite to a wall-shaped electrode, if for 
example the reactor housing consists of metal instead of a di- 
5 electric material. A high field line density would be estab- 
lished only in the immediate vicinity of the small electrode. 

Fig. 5 shows qualitatively the electric field strength 
distribution between an electrode which has just been energized 
by a high voltage and any of the grounded electrodes. There is 

10 an excessive field strength near the electrodes and a reduced 
field strength in the space in between. The field strength 
distortion is a function of the electrode surface areas. For 
very small electrodes, the field strength in the space drops 
almost to zero. The same situation is present if a small elec- 

15 trode is disposed opposite a wall-shaped electrode, that is, if 
the reactor wall consisted of a metal instead of a dielectric 
material. A high field line density would be established only 
in the immediate vicinity of the small electrode. Fig. 5 addi- 
tionally shows the field strength distribution normal to the 

20 electrode arrangement that is, in a direction which corresponds 
about to the flow direction in the reactor. The distribution 
illustrates the expansion of the field strength into the reac- 
tor volume and provides information concerning the field condi- 
tions with respect to a nearby electrode pair. 
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